Ocular neovascular diseases are the most common cause of vision loss, affecting millions of people in the industrialized world. Such diseases include the wet form of age-related macular degeneration (AMD), diabetic retinopathy (DR), retinopathy of prematurity (the main cause of blindness in young children) and corneal inflammation. Each of these diseases is characterized by excessive angiogenesis accompanied by breakdown of the endothelial barrier and vascular leakage, leading to edema, hemorrhage and retinal detachment, which compromise vision. Treatment of excessive angiogenesis has relied on the inhibition of a single factor, VEGF, with some therapeutic success [1] [2] [3] . However, factors other than VEGF contribute to angiogenesis, and the identification of alternative pathways to block excessive angiogenesis and vascular leakage is of enormous therapeutic interest.
Slit ligands, secreted chemorepellents of growing axons and migrating neurons, signal through receptors of the Robo family [4] [5] [6] . Slits also are involved in the development of many organs and have been implicated in cancer. Three Slit ligands (Slit1-3) and four Robo receptors (Robo1-4) have been characterized in mammals on the basis of structural similarities. Although it was once thought that all Robo receptors bind Slits, mammalian Robo3 and Robo4 lack the key amino acid residues required for Slit binding 7, 8 . Slit2 and Slit3 can inhibit VEGF-induced endothelial cell migration and permeability in vitro and vascular leakage in mice [9] [10] [11] [12] , suggesting that Slits could be used to alleviate edema in individuals with DR and AMD. However, other studies have shown pro-angiogenic functions of Slits [13] [14] [15] [16] . These conflicting reports prompted us to investigate Slit actions in the eye using a genetic loss-of-function approach in mice. Although previous studies suggest that Robo4 , an endothelial-cell-specific receptor, mediates Slit function, the lack of Slit binding to Robo4 has challenged this model 7 . Robo1 and, to a lesser extent, Robo2 are expressed by endothelial cells, but in vivo evidence supporting a role for Robo1 or Robo2 in the retinal vasculature is lacking, because the neonatal lethality observed in global Slit2-and Robo2-knockout animals precludes analysis of retinal vascular development, which occurs after birth. Here we generated mouse lines deficient in Slit1 and/or Slit2 or deficient in Robo1 and/or Robo2, and we used these mice to obtain genetic and biochemical evidence for a potent pro-angiogenic activity of Slit2 mediated by Robo1 and Robo2.
RESULTS

Slit2 is essential for retinal angiogenesis
We first defined the expression of all three Slit genes in the retina by in situ hybridization (Fig. 1a,b and Supplementary Fig. 1a-c) . Slit1 was expressed in horizontal cells in the inner nuclear layer (INL; Fig. 1a and Supplementary Fig. 1b ) from postnatal day 5 (P5) onward. We also detected Slit2 mRNA in the INL, in most bipolar neurons and possibly in some amacrine cells ( Fig. 1b and Supplementary  Fig. 1a-c) . Slit1-expressing cells were located at a distance from blood vessels, but, as observed in heterozygous Slit2-knockout mice in which GFP was inserted in the Slit2 locus 17 , processes of Slit2-expressing bipolar neurons extended underneath the vasculature (Fig. 1c) , suggesting that Slit2 could target blood vessels. No Slit1 or Slit2 expression gradients were observed ahead of the vascular front (Fig. 1a,b and Supplementary Fig. 1a) . We detected Slit3 mRNA in the lens epithelium but not in the retina (Supplementary Fig. 1a-c and data not shown).
We next determined whether Slits could bind to retinal vessels by incubating whole-mount P5 retinas with Slit-alkaline phosphatase (Slit-AP) fusion proteins 18 . We used either full-length Slit2 (Slit2-AP) tagged at its N terminus, the region of Slit2 that binds Robo, or the second leucine-rich repeat domain of Slit1, Slit2 or Slit3 (Slit-D2-AP), which mediates Slit binding to Robo 19 . All Slit-AP probes strongly and selectively bound to the vasculature, in a pattern similar to that of VEGF-AP, which binds VEGF receptors on endothelial cells (Fig. 1d, Supplementary Fig. 1d and Supplementary Table 1), suggesting that Slit receptors are preferentially expressed in blood vessels in the postnatal retina.
To test Slit function in retinal angiogenesis, we generated a Slit2-conditional knockout allele (Slit2 lox/lox ; Supplementary Fig. 2 ). Slit2 lox/lox mice were crossed to mice expressing a tamoxifen-inducible Cre recombinase driven by the broadly expressed CAG promoter, generating CAG:Slit2 lox/lox mice 20 . We also crossed these mice with Slit1-knockout mice (Slit1 −/− ) 17 to inactivate both retina-expressed Slits. We injected tamoxifen into mice at birth (P0) and analyzed retinas at P7. We confirmed Slit2 deletion in the retinas of tamoxifeninjected mice by in situ hybridization with a Slit2 exon 8-specific riboprobe and by western blot using a Slit2-specific antibody (Fig. 1e,f and Supplementary Fig. 2b,c,e) . At P7, the development of the retinal vasculature (number of branch points, retinal coverage and vascular progression) was comparable among wild-type, Slit1 +/− and Slit1 −/− mice ( Fig. 1g and Supplementary Figs. 2f and 3a-c) . By contrast, the retinas of CAG:Slit2 lox/lox mice exhibited severely reduced vessel branching and outgrowth; no significant additive effect was observed in double-mutant CAG:Slit2 lox/lox Slit1 −/− mice ( Table 1 ). *P < 0.05, ***P < 0.001, Student's t-test. Scale bars, 50 µm in a-c, e and rightmost images in g; 150 µm in d; and 500 µm in leftmost and middle images in g and all panels in h. INL, inner nuclear layer; IPL, inner plexiform layer; ONL, outer nuclear layer; RGCL, retinal ganglion cell layer. Fig. 2f ). These retinal defects were accompanied by a severe reduction in the total number of endothelial cells labeled with an antibody to the Erg-1/2/3 transcription factors 21 Fig. 1g and Supplementary Fig. 4a,b) . These data show that Slit2 is selectively required for angiogenesis in the postnatal mouse retina. Although the primary source of Slit2 in the retina is the INL, in humans SLIT2 is also expressed by endothelial cells 15, 22 , suggesting that endothelial Slits might affect vascular development. We therefore deleted Slit2 in endothelial cells on a Slit1-mutant background and examined retinal vascular development. Slit2 lox/lox Slit1 −/− mice were crossed to mice carrying an endothelial cell-specific and inducible Cre allele (Cdh5:Cre ERT2 ) to generate Slit2 ∆EC Slit1 −/− mice 23, 24 . Vascular development was significantly reduced in retinas from Slit2 ∆EC Slit1 −/− mice compared to those from Slit2 lox/lox Slit1 −/− mice (P = 0.03 for branch point quantification; P = 0.02 for vascular coverage) (Fig. 1h) , although these defects were much less severe than those observed in CAG:Slit2 lox/lox Slit1 −/− mice. These data show that Slit2 from multiple tissue sources, including endothelial cells and INL neurons, contributes to retinal vascular development.
Slit2 signals via Robo1 and Robo2 to drive retinal angiogenesis
To determine which Slit receptor (or receptors) mediates Slit2 function in retinal vessels, we analyzed published microarray data from purified mouse P5 retinal endothelial cells 25 . These cells showed the highest expression of Robo4; expression of Robo1 was lower than that of Robo4, and there was virtually no Robo2 expression (Fig. 2) . Quantitative PCR (qPCR) and western blotting ( Fig. 2b and Supplementary Fig. 5 ) of primary human endothelial cells (human umbilical vein endothelial cells (HUVECs), human umbilical artery endothelial cells, human dermal microvascular endothelial cells and human retinal microvascular endothelial cells) revealed high ROBO4 levels, ROBO1 levels lower than those of ROBO4 and no detectable ROBO2 (refs. 22,26 and data not shown). Notably, transfection of HUVECs with small interference RNA (siRNA) targeting ROBO1 led to strongly increased expression of ROBO2 mRNA and protein, whereas ROBO4 levels were not affected (Fig. 2c,d) . Likewise, endothelial cells isolated from the lungs of Robo1 −/− mice showed upregulation of Robo2 (Fig. 2e) . To completely abrogate expression of ROBO1 and ROBO2 receptors, we used combined siRNA knockdown of ROBO1 and ROBO2, which decreased amounts of both ROBO1 and ROBO2 mRNA and encoded protein (Fig. 2c,d ), or we used double-knockout mice deficient in Robo1 and Robo2. As Robo2-knockout mice die at birth 27 , we intercrossed mice harboring a Robo2 conditional allele (Robo2 lox/lox ) 28 to the Cdh5:Cre ERT2 line (hereinafter referred to as Robo2 ∆EC ). Endothelial cells isolated from the lungs of Robo1 −/− Robo2 ∆EC double-knockout mice showed reduced expression of both Robo1 and Robo2 after Cre activation by tamoxifen (Fig. 2e) .
We next examined Slit binding in vivo in retinas of Robo1 −/− , Robo4 −/− (refs. 7,29) and Robo1 −/− Robo2 ∆EC mice. Slit2-AP binding to P5 retinal vessels was strongly decreased in Robo1 −/− Robo2 ∆EC mice but was comparable to that in controls in Robo1 −/− and Robo4 −/− mice, indicating that Robo1 and Robo2 are the primary Slit receptors on developing vessels (Fig. 2f) . The residual binding in retinas of Robo1 −/− Robo2 ∆EC mice likely reflects the expression of the Robo1 and Robo2 receptors by vessel-associated cells.
We then studied the effects of a loss of Robo function on angiogenesis. By staining P5 and P7 retinas with the endothelial-specific lectin IB4, we found that the retinal vasculature developed normally in Robo1 −/− , Robo2 ∆EC and Robo4 −/− mice, similar to what was seen in the compound-heterozygous mice (Fig. 2h,i and Supplementary Fig. 6 ). In contrast, the number of vessel branch points was significantly reduced in Robo1 −/− Robo2 ∆EC mice (P = 0.0001), a similar but less severe defect compared to that seen in CAG:Slit2 lox/lox mice (branch point quantification: 72 for CAG:Slit2 lox/lox , 76 for CAG:Slit2 lox/lox Slit1 −/− and 142 for Robo1 −/− Robo2 ∆EC mice). This defect was not aggravated further in Robo1 −/− Robo2 ∆EC Robo4 −/− mice ( Fig. 2g-i and Supplementary Fig. 6 ). As with CAG:Slit2 lox/lox mice, immunolabeling with neuron markers in retinas of Robo1 −/− Robo2 ∆EC mice revealed a retinal layer structure comparable to that of controls at P7 and P15 ( Fig. 2g and Supplementary Fig. 4c,d ). At P7, both the total number of endothelial cells in the retina ( Angiogenic defects in Robo1 −/− Robo2 ∆EC mice were somewhat less severe than those in CAG:Slit2 lox/lox Slit1 −/− mice, suggesting that Slit2 also affects the development of vascular cell types such as pericytes, smooth muscle cells and leukocytes, and it has been reported that these cell types respond to Slit2 in vitro 13, 22, 30 . To determine whether Slit2 signaling in one or more of these cell types requires Robo1 and Robo2, we generated CAG:Robo2 lox/lox Robo1 −/− mice. IB4 staining showed that the extent of vascular development was severely reduced in retinas from CAG:Robo2 lox/lox Robo1 −/− mice, phenocopying retinas from CAG:Slit2 lox/lox Slit1 −/− mice (Fig. 2j) . Overall, these data suggest that Slit2 signals through Robo1 and Robo2 on endothelial cells and other vessel-associated cell types to promote angiogenesis.
Robo1 and Robo2 control Slit2-and VEGF-A-induced endothelial cell migration
To characterize endothelial cell behavior in Slit-and Robo-knockout mice, we examined endothelial cell proliferation by injecting 5-ethynyl-2-deoxyuridine (EdU) into P3 and P7 mice. Retinas were collected 2 h after the EdU pulse and stained with IB4 and anti-Erg-1/2/3, and the number of stained cells was quantified (see Online Methods and Supplementary  Fig. 7a ) 31 . At P3 and P7, the percentage of proliferating endothelial cells in retinas (the percentage of Erg-1/2/3 + cells that were labeled with EdU) was not significantly different between Robo1 −/− Robo2 lox/lox and Robo1 −/− Robo2 ∆EC mice ( Fig. 3a; 18.86% ± 1.34% in retinas from P3 Robo1 −/− Robo2 lox/lox mice versus 16.09% ± 3.34% in retinas from P3 npg Robo1 −/− Robo2 ∆EC mice; 11.20% ± 0.98% in retinas from P7 Robo1 −/− Robo2 lox/lox mice versus 12.13% ± 0.78% in retinas from P7 Robo1 −/− Robo2 ∆EC mice; no significant results via Mann-Whitney test). In Slit1-and Slit2-knockout mice, the percentage of proliferating endothelial cells was also similar to that in controls at P7 ( Fig. 3a; 13.25% ± 1.29% in retinas from Slit2 lox/lox Slit1 −/− mice versus 13.22% ± 2.56% in those from CAG:Slit2 lox/lox Slit1 −/− mice; no significant results via t-test), but it was significantly reduced at P3 (31% ± 2.16% in retinas from Slit2 lox/lox Slit1 −/− mice versus 11.00% ± 1.16% in those from CAG:Slit2 lox/lox Slit1 −/− mice; P = 0.0079, Mann-Whitney test). We next measured the percentage of proliferating endothelial cells at the front of the growing retinal vasculature. At P3 and P7, this parameter was normal in Robo1-and Robo2-knockout mice but was significantly reduced in Slit1-and Slit2-knockout mice (P = 0.016 and P = 0.0025 at P3 and P7, respectively; Supplementary  Fig. 7a ). These data show that Slits influence endothelial cell proliferation in vivo. However, in vitro studies showed that neither Slit2 treatment 
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sDLL4 / siCT Relative gene expression npg nor knockdown of ROBO1 and ROBO2 affected HUVEC proliferation ( Supplementary Fig. 8a-d) . Moreover, the reduced extent of the vasculature was not due to an increase in endothelial cell apoptosis, as assessed by TUNEL staining (Supplementary Fig. 7b,c) .
We next tested the expression of a battery of molecules regulating angiogenesis in CAG:Slit2 lox/lox Slit1 −/− and Robo1 −/− Robo2 ∆EC mice and in littermate controls. We detected similar expression of Plexin-D1 and Neuropilin-1, two other axon-guidance receptors involved in angiogenesis 32 , in mutant and control mice (Supplementary Fig. 8e,f) . Immunostaining for Collagen IV and IB4 showed no increase in the number of retracted sprouts or collapsed vessels in retinas from Robo1 −/− Robo2 ∆EC and CAG:Slit2 lox/lox Slit1 −/− mice, indicating that vessel stability was not perturbed (Supplementary Fig. 8g,h) . Moreover, VEGF-A expression was unaffected in the retinas of Robo1 −/− Robo2 ∆EC and CAG:Slit2 lox/lox Slit1 −/− mice (data not shown). Likewise, expression of the Notch ligand Delta-like 4 (Dll4) and of VEGF receptor 2 (Vegfr2) was comparable to that in control retinas (Fig. 3b,c) . Confirming the in vivo immunostaining results, qPCR analysis of endothelial cells isolated from Robo1 −/− Robo2 ∆EC mice or of HUVECs in which ROBO1 and ROBO2 were knocked down showed no effects on the expression levels of VEGF and VEGF receptors (Fig. 3d) . VEGF signaling induces the expression of DLL4, UNC5B, ANGPT2, ESM1 and NID2 (refs. 25,33-36) . VEGF-driven expression of these genes was not altered by knockdown of ROBO1 and ROBO2, and Slit2 treatment of HUVECs did not induce their expression (Fig. 3e) . Moreover, knockdown of ROBO1 and ROBO2 did not alter the expression of NOTCH pathway components, and NOTCH target gene expression induced by DLL4 was similar in control HUVECs and in cells with ROBO1-or ROBO2-knockdown, whereas NOTCH1-knockdown abolished NOTCH target gene expression (Fig. 3f) .
These data suggest that Slit2 drives angiogenic sprouting and endothelial cell migration primarily via ROBO1 and ROBO2. In an in vitro sprouting assay in which HUVECs were embedded within a 3D fibrin gel 37 , nanomolar concentrations of recombinant Slit2 robustly induced angiogenic sprouting, and this effect was abolished by combined knockdown of ROBO1 and ROBO2, but not by knockdown of ROBO1, ROBO2 or ROBO4 singly or by combined knockdown of ROBO1 and ROBO4 (Fig. 3g and Supplementary Fig. 9e ). These data support the hypothesis that Slit2 acts primarily through ROBO1 and ROBO2.
Notably, sprouting angiogenesis induced by VEGF-A also required the presence of ROBO1 and ROBO2 (Fig. 3g) . Overexpression of miR-218, which targets the 3′ UTRs of ROBO1 and ROBO2 mRNAs and prevents the expression of both receptors 38, 39 , also inhibited Slit2-and VEGF-A-induced sprouting (Supplementary Fig. 9a-d) . Sprouting in response to VEGF was not affected by single knockdown of ROBO1, ROBO2 or ROBO4 or by combined knockdown of ROBO1 and ROBO4 (Fig. 3g and Supplementary Fig. 9e) , confirming that only the combined knockdown of ROBO1 and ROBO2 affects VEGF-A-induced sprouting. Combined knockdown of ROBO1 and ROBO2 also severely inhibited cell migration in response to Slit2 and VEGF-A in a scratch-wound migration assay (Fig. 3h) . In contrast, bFGF-induced sprouting and migration were unaffected by combined knockdown of ROBO1 and ROBO2 (Fig. 3g,h ).
Slit2-and VEGF-induced RAC1 activation requires ROBO1 and ROBO2
The unexpected cross-talk that we observed between VEGF or Slit2 signaling and Robo1 and Robo2 signaling in endothelial cell migration prompted us to determine the molecular mechanisms The results of three experiments were quantified (e). *P < 0.05 compared to PBS-treated control. (f,g) Effects of Slit2 treatment on PAK2 and AKT phosphorylation in siRNA control HUVECs and cells with knockdown of ROBO1 and ROBO2 (f). The results of three independent experiments were quantified (g). *P < 0.05, **P < 0.01 compared to PBStreated control. (h,i) Effects of VEGF-A on phosphorylation of ERK and AKT in HUVECs with control siRNA and with siRNA targeting ROBO1 and ROBO2 (h). Quantification of p-AKT compared to total AKT and p-ERK compared to total ERK was performed for three independent experiments (i). All values are mean ± s.e.m. P values were calculated using Student's t-test. underlying the interaction between these signaling pathways. High magnification of migrating endothelial cells at the edges of scratch wounds showed that combined knockdown of ROBO1 and ROBO2 suppressed Slit2-or VEGF-A-induced lamellipodia formation (Fig. 4) . As lamellipodia formation requires the activation of RAC1 (ref. 40) , we asked whether RAC1 was activated downstream of ROBO1 and ROBO2 in response to Slit2 and VEGF-A. Slit2 and VEGF-A activated RAC1 in HUVECs and in lung endothelial cells, and this effect was lost in HUVECs with knockdown of ROBO1 and ROBO2 and in lung endothelial cells isolated from double-knockout mice deficient in Robo1 and Robo2; in contrast, RAC1 activation was not affected in lung endothelial cells from Robo1-or Robo4-knockout mice (Fig. 4b,c and Supplementary Fig. 10a-c) . Slit2 treatment also activated phosphorylation of the RAC1 target p21-activated kinase (PAK) in a ROBO1-and ROBO2-dependent manner (Fig. 4f,g and Supplementary Fig. 10f,g ). Low-dose VEGF-A together with Slit2 cooperatively enhanced RAC-GTP loading in HUVEC cells (Fig. 4d,e) . Taken together, these results demonstrate synergistic RAC1 activation by VEGF-A and Slit2. The combined loss of Robo1 and Robo2, but not the loss of Robo1 or Robo4 alone, also abolished Slit2-mediated AKT activation ( Supplementary Fig. 10d,e,g ). However, the combined loss of Robo1 and Robo2 did not affect the activation of AKT or ERK in response to VEGF-A, and the administration of low-dose VEGF-A with Slit2 did not show a cooperative effect on AKT activation (Fig. 4h,i and Supplementary Fig. 10h,i) . Thus, Slit2-Robo1 and Slit2-Robo2 signaling selectively target VEGF-A-induced RAC1 activation, which is required for cytoskeletal remodeling, in contrast to the VEGF-A effector pathways that promote cell proliferation and survival.
Previous studies have demonstrated the inhibition of VEGF-Amediated signaling events after pretreatment with Slit2 (refs. 9,10). Indeed, we found that VEGF-A stimulation following pretreatment with Slit2 led to reduced PAK phosphorylation ( Supplementary  Fig. 11a,b) . We reasoned that effects on VEGFR2 internalization could explain these disparate results. In accordance with this hypothesis, pretreatment of HUVECs with Slit2 for 5-30 min led to robust VEGFR2 internalization, an effect that was abolished by combined knockdown of ROBO1 and ROBO2 ( Supplementary  Fig. 11c,d) . Thus, pretreatment with Slit2 can antagonize VEGF-A signaling, whereas combined treatment with Slit2 and VEGF-A enhances the signaling events required for endothelial cell migration. These results suggest that interactions between the Slit2 and VEGF pathways through effects on receptor trafficking may be relevant in vivo for pro-or anti-migratory signals.
Targeting Slit-Robo pathways can inhibit pathological angiogenesis To determine whether Slit and Robo signaling might have relevance to ocular neovascular diseases, we used a mouse model of oxygeninduced retinopathy (OIR). In this model, pathological sprouting and the formation of leaky vascular tufts occur, mimicking visionthreatening defects seen in subjects with AMD 41 . At P7, Slit2 lox/lox , Slit2 lox/lox Slit1 −/− , CAG:Slit2 lox/lox , CAG:Slit2 lox/lox Slit1 −/− , Robo2 lox/lox Robo1 −/− , CAG:Robo2 lox/lox Robo1 −/− and Robo1 −/− Robo2 ∆EC littermate mice were exposed to 75% oxygen for 5 d (until P12) and then maintained in ambient air (normoxia) until P17, to allow pathological neovascularization to set in (Supplementary Fig. 12 ). We induced tamoxifen-mediated gene deletion during the neovascularization period (P12-P17). The extent of vascular regression at P12 was similar in controls and mutants (Supplementary Fig. 12a-f) . Slit2 expression at P17 was still restricted to the INL and was not upregulated in the retina (Supplementary Fig. 12j-l) . However, quantification at P17 showed a significant increase in the size of the avascular area in CAG:Slit2 lox/lox and CAG:Slit2 lox/lox Slit1 −/− mice compared to Slit2 lox/lox and Slit2 lox/lox Slit1 −/− mice (P = 0.0001) (Fig. 5a,b) , demonstrating efficient inhibition of angiogenesis in the absence of Slit2. Strikingly, the number of vessel sprouts and pathological neovascular tufts was strongly diminished in CAG:Slit2 lox/lox and CAG:Slit2 lox/lox Slit1 −/− retinas (P = 0.0009 and P = 0.0001, respectively) (Fig. 5c,d) . The reduction in the avascular area was not accompanied by increased endothelial cell death or by disorganization of the neural retina ( Supplementary Fig. 13 and data not shown). Notably, a similar reduction in the avascular area and of the number of vessel tufts was also observed in CAG:Robo2 lox/lox Robo1 −/− mice (Fig. 5e,f) . The number of vessel sprouts was also significantly diminished in retinas from CAG:Robo2 lox/lox Robo1 −/− mice (1.22 ± 0.16 per 100 µm of vessel length) compared to those from Robo2 lox/lox Robo1 −/− mice (3.05 ± 0.17; P < 0.0001). In contrast, the extent of vascular regression was not affected in Robo1 −/− Robo2 ∆EC mice (Supplementary Fig. 12g-i) .
To further explore the efficacy of Slit2 blockade, we treated mice with a control adenovirus encoding GFP or an adenovirus encoding a recombinant protein containing the first two immunoglobulin domains of Robo1 and the immunoglobulin Fc domain (Robo1-Fc) that sequesters Slit2 (ref. 26 ). Administration of Robo1-Fc was done at P12 and P13, during the neovascularization period (P12-P17). Robo1-Fc-treated mice showed severely reduced angiogenesis and vascular tuft formation (Fig. 5g,h) . Therefore, deletion of Slit2, deletion of Robo1 and Robo2 or treatment with a Slit trap can reduce pathological neovascularization, indicating that blocking Slit ligand binding to Robo1 and Robo2 receptors might be therapeutically beneficial for individuals with ocular vasoproliferative diseases.
DISCUSSION
The data shown here provide clear genetic evidence for a requisite and selective role of Slit2 signaling through Robo1 and Robo2 in promoting developmental and pathological ocular neovascularization. Slit2 signaling through Robo1 has been shown to stimulate tumor angiogenesis and lymphangiogenesis 26 , indicating that pro-angiogenic effects of Slit-Robo1 signaling may also occur in other developmental and pathological contexts. However, Slit-Robo signaling in cancer is complicated by the fact that tumor cells themselves express proteins in the Slit and Robo families, and Slit signaling has been shown to either prevent or enhance tumor cell migration, depending on the experimental setting 42 . Therefore, more work is required before effects of Slit-Robo signaling on tumor angiogenesis can be completely understood. We show that Slit2 promoted retinal angiogenesis by signaling through Robo1 and Robo2 on endothelial cells and on other vesselassociated cell types. These may include pericytes, smooth muscle cells and leukocytes, all of which respond to Slit2 in vitro 13, 22, 30 . It remains to be determined in precisely which cell types Slit2 signaling is required and how such signaling affects retinal neovascularization. However, our genetic data clearly show that the angiogenic defects in retinas from CAG:Robo2 lox/lox Robo1 −/− mice were similar to those in retinas from CAG:Slit2 lox/lox mice in the context of both development and OIR, demonstrating that Slit2 promotes angiogenesis through Robo1 and Robo2, independently of Robo4.
Notably, the severe vascular phenotype of CAG:Slit2 lox/lox mice occurred without detectable alterations in cell death or vessel stability. In endothelial cells, Slit2 signaling through Robo1 and Robo2 seems to primarily affect migration and sprouting. In support of this idea, neither our study nor previous work 9, 26 showed mitogenic activity of Slit2 on endothelial cells. Thus, as in axons, leukocytes and tumor cells, Slit2 signaling in endothelial cells primarily targets cellular motility. However, endothelial cell proliferation, in particular at the vascular front, was reduced in Slit1 and Slit2 mutants. Together with impaired endothelial cell motility, this reduction in endothelial cell proliferation resulted in a significant reduction in the number of endothelial cells in the retina. As endothelial cell proliferation appeared to be normal in endothelial-specific Robo1 and Robo2 mutants, it is likely that the reduction in cell proliferation was due to Slit activity on vesselassociated cell types such as mural cells or leukocytes. Given that the severe defects in vascular growth and branching in CAG:Slit2 lox/lox mice were phenocopied in CAG:Robo2 lox/lox Robo1 −/− mice, it is likely that Slit2 activity on endothelial cell proliferation is also mediated by Robo1 and Robo2.
At the molecular level, Slit2 activation of downstream signals, including AKT and RAC1 signaling, was abolished by the inactivation of ROBO1 and ROBO2, indicating that decreased activity of these signaling proteins may contribute to defective sprouting and/or cell migration in vivo. Notably, ROBO1 and ROBO2 also seemed to be required for RAC1 activation and lamellipodia formation in response to VEGF, whereas these receptors did not affect the activation of ERK and AKT by VEGF. The mechanistic details of these effects remain to be elucidated, but the data suggest that signaling between Slit2 and Robo1 or Robo2 is a critical environmental signal for retinal endothelial cell migration.
In Vegfr2 (Kdr) mutants, retinal angiogenesis fails 43 , indicating that Slit2 cannot promote migration in the absence of VEGF signaling. In the absence of Slit2 signaling, VEGF fails to induce RAC1 activation; however, AKT and ERK activation remains intact. Thus, inhibition of Slit2 signaling blocks VEGF-induced endothelial cell migration and angiogenesis, but cell survival and ERK-driven expression of DLL4 and NOTCH activation are not affected. The expression pattern of Slit2 and VEGF in retinas in vivo provides insight into the sites of combined pathway activation. We found that Slit2 was produced in bipolar neurons located beneath the vascular plexus. VEGF is produced by hypoxic astrocytes ahead of the vascular plexus and is downregulated in vascularized tissue via a HIF1-dependent negative feedback loop 44 . Thus, we propose that endothelial cells in the vascular plexus are exposed to Slit2, but not to VEGF. Pretreatment of HUVECs with Slit2 inhibited VEGF signaling by promoting VEGFR2 internalization, indicating that Slit2 may provide another feedback loop to limit VEGF signaling in already vascularized tissues. In contrast, endothelial cells at the vascular front are likely to experience combined Slit2 and VEGF activation, in turn activating migration. The dual ability of Slit2-Robo1 and Slit2-Robo2 signaling to either promote or prevent VEGF signaling resolves currently conflicting data regarding both pro-and antiangiogenic activities of Slit2. It would be interesting to determine whether the effects of Slit2 on vessel permeability also involve only Robo1 and Robo2, or whether Robo4 is also involved.
In conclusion, the data shown here reveal a previously unanticipated role for Slit signaling through Robo1 and Robo2 in angiogenic sprouting and provide a rationale for developing blocking strategies to inhibit neovascularization, particularly in individuals who are resistant to anti-VEGF therapies.
METHODS
Methods and any associated references are available in the online version of the paper. 
ONLINE METHODS
Mice. The Slit2-conditional knockout mouse line, in which exon 8 is flanked by loxP sites, was established at the Mouse Clinical Institute-Institut Clinique de la Souris (MCI/ICS, Illkirch, France; http://www-mci.u-strasbg.fr). This allele is predicted to produce a truncated Slit2 protein in which the final amino acid residue is F204, just after the end of the first leucine-rich domain (D1). This truncated protein is therefore unable to bind and activate Robo receptors. The targeting vector was constructed as follows: three fragments of 4.9, 0.4 and 3.5 kb (respectively, the 5′, floxed and 3′ arms) were amplified by PCR using 129S2/SvPas DNA as a template and sequentially subcloned in an MCI proprietary vector. This MCI vector has a floxed neomycin-resistance cassette. The linearized construct was electroporated into 129S2/SvPas mouse embryonic stem (ES) cells. After selection, targeted clones were identified by PCR using external primers and further confirmed by Southern blot with a 5′ external probe. Two positive ES cell clones were injected into C57BL/6J blastocysts, and the male chimeras derived gave germline transmission. 20 . We induced gene inactivation in pups at P0 with a single injection of tamoxifen (350 µg/g; Sigma, T5648) diluted in corn oil (Sigma, C8267). The Rosa26 YFP line (Jackson Laboratory) was used to monitor Cre expression (Supplementary Fig. 2d ). Mice of a mixed genetic background and of either sex were used. The phenotypes of mutant mice were analyzed postnatally, between P3 and P17. In each experiment, tamoxifeninjected Cre-negative littermate pups were used as controls. Littermate pups of the same body weight were used in all cases. All animal procedures were performed in accordance with institutional guidelines (Université Pierre et Marie Curie, Comité Charles Darwin, Institut National de la Santé et de la Recherche Médicale, and Yale University).
Immunostaining. For whole-mount immunostaining, retinas were collected at P7. They were then fixed in 4% paraformaldehyde (PFA) in 0.12 M phosphate buffer for 15 min. Next, retinas were dissected in PBS and incubated in TNBT (10 mM Tris, pH 7.4, 150 mM NaCl, 0.5% blocking reagent (PerkinElmer, FP1012), 0.5% Triton X-100) for 2 h at room temperature. Retinas were incubated overnight at 4 °C in primary antibodies diluted in TNBT, after which retinas were washed with TNT (100 mM Tris, pH 7.4, 150 mM NaCl, 0.05% Triton X-100). Retinas were then incubated at room temperature for 2 h with secondary antibodies diluted in TNBT. Next, retinas were washed in TNT and incubated with 0.01 mg/ml IB4-FITC (Life Technologies, I21411) in PBLEC (1 mM PBS, 1 mM MgCl 2 , 1 mM CaCl 2 , 0.1 mM MnCl 2 , 1% Triton X-100).
For immunostaining on sections, eyes were collected at P7 and fixed in 4% PFA for 1 h at room temperature. A hole was made in the cornea, and the eyes were incubated for 1 h in 10% sucrose (VWR, 27478.296) in 0.12 M phosphate buffer and then overnight at 4 °C in 30% sucrose in 0.12 M phosphate buffer. Eyes were then embedded and frozen in 0.12 M phosphate buffer containing 7.5% gelatin (Sigma, 62500) and 10% sucrose. 20-µm sections were cut with a cryostat (Leica, CM3050S). These sections were blocked in PBS containing 0.2% gelatin (VWR) and 0.25% Triton X-20 (PBS-GT) for 1 h and incubated overnight at room temperature with primary antibodies diluted in PBS-GT. Then the sections were incubated with secondary antibodies diluted in PBS-GT and 10 µg/ml Hoechst (Sigma, B2883).
The primary antibodies used were anti-Dll4, 2 µg/ml (R&D Systems, AF1389); anti-Vegfr2, 2 µg/ml (R&D Systems, AF644); anti-Neuropilin-1, 2 µg/ml (R&D Systems, AF566); anti-Collagen IV, 1/100 (Novotec, 20451); anti-Erg-1/2/3, 2 µg/ml (Santa Cruz, sc-353); anti-Calretinin, 2 µg/ml (Millipore, MAB1568); anti-Calbindin, 1 µg/ml (Swant, cb38-A); anti-PKCα, 1/500 (Sigma, P4334); and anti-GFP (Life Technologies, A11122; Abcam, ab13970). The secondary antibody used was Alexa 647-donkey antirabbit (Jackson ImmunoResearch, 711-605-152), Alexa 649-bovine anti-goat (Jackson ImmunoResearch, 805-495-180) or Cy3-donkey anti-rabbit (Jackson ImmunoResearch, 711.165.152).
We imaged the immunostained sections with an inverted confocal microscope (Olympus) or with a Nanozoomer 2.0 slide scanner (Hamamatsu).
In situ hybridization. For in toto hybridization, we collected retinas after fixation as described above and dehydrated them with increasing concentrations of methanol (25%, 50%, 75% and 100%) in 0.1% PBS-Tween 20 (Sigma, P1379). For in situ hybridization on sections, we directly embedded and froze the eyes in Optimal Cutting Temperature compound without fixation. 20-µm sections were cut with a cryostat.
Antisense riboprobes were labeled with digoxigenin-11D-UTP (Roche) as described previously 46 A mouse Slit2 cDNA specific for exons 8-9 was amplified by PCR and cloned into pBluescript. Whole-mount retinas and retinal sections were hybridized as described previously 48 .
In situ hybridization images were obtained with a DM6000 microscope (Leica) and CoolSNAP CCD camera (Roper).
Binding assay. Binding on flat-mounted retinas was performed as previously described 7 using VEGF-A-AP constructs (provided by C. Ruiz de Almodovar, Vesalius Research Center) 50 and Slit2-D2-AP, Slit1-D2-AP and Slit3-D2-AP fusion proteins 18 .
Branch point quantification and vasculature analysis. Vessels were stained with 0.01 mg/ml IB4-FITC (Life Technologies, I21411). IB4-labeled retinas were imaged with a Nanozoomer slide scanner (Hamamatsu). Branch point numbers were quantified with Biologic CMM Analyser Software developed by N. Elie 51 , and the retinal area was calculated with NDP-Viewer (Hamamatsu). Vascular density and vascular progression analysis were quantified with ImageJ. To measure retinal vascular density, we quantified the surface area of IB4 staining and of the total retina to obtain a ratio of coverage. To determine vascular progression, we measured the radius of the retina (D) and the distance from the optic nerve to the developing vascular front (d) and calculated the ratio d/D. At least 12 ratio (d/D) measurements were completed for each retina.
Proliferation analysis.
We performed the proliferation analysis using the ClickiT EdU Alexa Fluor 488 Imaging Kit (Life Technologies, C10337). P3 or P7 pups were injected with 300 µg of EdU (5 mg/ml) and were killed 2 h later. We stained whole-mount retinas with anti-Erg-1/2/3 and IB4 biotin conjugate followed by Cy3-donkey anti-rabbit, 1/200 (Jackson ImmunoResearch, 711.165.152) and Alexa 647-conjugated streptavidin, 2 µg/µl (Jackson ImmunoResearch, 016-600-084). EdU staining was done according to the manufacturer's protocol. We imaged the retinas with a Nanozoomer slide scanner. EdU + and Erg-1/2/3 + double-labeled nuclei were counted as proliferating endothelial cells. One 45° wedge was quantified for each retina. Double-labeled cells were counted in a 250-µm-wide region localized at the angiogenic front to calculate the percentage of proliferating endothelial cells.
The xCELLigence RTCA DP analyzer was used to measure the proliferation of control and ROBO1-and ROBO2-knockdown HUVECs in response to complete ECGM-2 medium (Lonza) or Slit2 (6 nM, R&D Systems). E-16 tissue culture plates (ACEA Biosciences) coated with 0.1% gelatin were seeded with 5,000 cells per well. The plates were monitored every 15 min for 48 h. For each condition, at least three replicate wells were analyzed.
Endothelial cell quantification. We stained P7 retinas with anti-Erg-1/2/3 and quantified the number of Erg-1/2/3-positive nuclei in one 45° wedge. We also quantified Erg-1/2/3-positive nuclei in retinal veins and in the retinal vascular plexus and determined the number of endothelial cells per millimeter of vein or per 50 µm of blood vessel.
Apoptosis analysis. P7 and P17 retinas were collected after fixation as described above. They were incubated for 2 h in 0.2% Triton X-100 PBS, washed three times with PBS and incubated for 10 min at room temperature in TdT buffer (30 mM Tris, 150 mM sodium cacodylate, 1 mM CoCl 2 , pH 7.5) and then for 120 min at 37 °C with the TUNEL enzyme (Roche, 1767305001; 6 µl per milliliter of TdT buffer) and Biotin-16 dUTP (Roche; 6 µM) in TdT buffer. The retinas were incubated in TB buffer (300 mM NaCl, 30 mM sodium citrate), washed in PBS and blocked in 2% BSA in PBS. Next, we incubated the retinas with Cy3-coupled streptavidin (Jackson Laboratory, 016-160-084) 1/1,000 in Lung endothelial cell isolation. We harvested mouse lungs at P21, minced them and incubated them in 5 mL Dulbecco's modified Eagle's medium containing 2 mg/mL collagenase I (Invitrogen) for 45 min at 37 °C with shaking every 15 min followed by filtering through a 40-µm nylon mesh (BD Falcon). The cells were then centrifuged at 1,000g for 5 min at 4 °C, resuspended in buffer 1 (0.1% bovine serum albumin, 2 mM EDTA, pH 7.4, in PBS), and incubated with anti-rat immunoglobulin G-coated magnetic beads (Invitrogen) precoupled with rat anti-mouse platelet/endothelial cell adhesion molecule-1 (PECAM-1; MEC13.3, BD Pharmingen, 553370) for 30 min at 4 °C in an overhead shaker. Beads were separated from the solution with a magnetic particle concentrator (Dynal MPC-S, Invitrogen). The beads were washed five times with buffer 1 and centrifuged for 5 min at 1,000g, and the supernatant was removed. The purified endothelial cells were then cultured in ECGM-2 (Promocell). For western blot analysis, lung endothelial cells (2 × 10 5 ) were seeded in 60-mm dishes and cultured for 24 h in ECGM-2 at 37 °C and 5% CO 2 .
Oxygen-induced retinopathy model. OIR was induced as described in ref. 41 . P7 pups, together with their mother, were placed in 75% O 2 until P12 (Biospherix). At P12, the pups were removed, placed in a normal atmosphere, injected with 350 µg/g of tamoxifen and placed with a nursing mother. Eyes were collected at P17, and the retinas were stained with IB4 as described above. The avascular area was quantified as described in ref. 42 .
Data quantification and statistics. All data quantification was done by an observer blinded to the experimental conditions. For the in vivo experiments, the quantification and the genotyping were done by two different investigators.
We quantified at least three different litters per condition. We did not perform randomization into groups. For all strains, phenotypic analysis was done on littermates of similar body weight (2.4 g ± 0.4 g (s.d.) at P7 and 6.1 g ± 1.4 g (s.d.) at P17; average weights from three different litters). Statistical analyses of the mean and variance were performed with Prism 6 (GraphPad Software). We performed a two-tailed Student's t-test when the number of retinas was equal to or greater than 10; otherwise, we performed a two-tailed Mann-Whitney test.
